A retarding electrostatic field energy analyzer for low-energy beams has been designed, simulated, and tested with electron beams of several keV, in which space-charge effects play an important role. A cylindrical focusing electrode is used to overcome the beam expansion inside the device due to space-charge forces, beam emittance, etc. The cylindrical focusing voltage is independently adjustable to provide proper focusing strength. Single particle simulation and theoretical error analysis using beam envelopes show that this energy analyzer can get very high resolution for low-energy beams (up to 10 keV), which was found to be in good agreement with experimental results. The measured beam energy spectrum is both temporally and spatially resolved. In addition, a computer-controlled automatic system is developed and significantly improves the speed and efficiency of the data acquisition and processing. The measured beam energy spreads, are in remarkably good agreement with the intrinsic limits set by the effects of nonadiabatic acceleration in the electron gun and that of Coulomb collisions, as predicted by theory.
I. INTRODUCTION
Advanced particle accelerators for heavy-ion inertial fusion, high-energy colliders, free electron lasers, and other applications require high-quality intense beams, which can be focused onto a small target. For such applications, the beams must have a very small energy spread. The University of Maryland Electron Ring (UMER), 1 currently under construction, is designed as a flexible and well-diagnosed tool for doing experiments on space-charge-dominated beams. To fulfill this requirement, it is necessary to design a compact high-resolution energy analyzer, which is suitable for several keV up to 10 keV space-charge-dominated electron beams used in UMER. A retarding field energy analyzer becomes the natural choice for low-energy electron beams because of its simplicity, compactness, and high signal-to-noise ratio output.
There are different types of retarding field energy analyzers as reviewed in Ref. 2 . Traditional parallel-plate retarding energy analyzers have been widely used in many applications, such as in plasmas, 3 electron cloud diagnostics, 4, 5 ion beams, 6 etc., with relative resolutions in the range of 10 −2 -10 −3 ͑⌬E / E͒. Other than these traditional parallel-plate analyzers, there are also some other types of energy analyzers built for different applications, such as large angle acceptance retarding-potential analyzer in the magnetic fusion experiment, 7 gridless electrostatic retarding analyzer for ion temperature measurement, 8 Wien filter type analyzer for surface microanalyses, 9 and cylindrical deflection energy analyzer used in low-energy ion scattering. 10 However, these analyzers either have low resolutions (worse than 10 −3 ) or the sizes are too big to fit into the UMER.
At the University of Maryland, a cylindrical retarding energy analyzer had been designed, which greatly improved the energy-spread measurement compared to a conventional parallel-plate energy analyzer. 11 Based on that design, a variable-focusing retarding field energy analyzer has been developed to further improve the resolution. This analyzer has several unique features compared to other electrostatic retarding field analyzers. (1) A focusing cylinder with a variable voltage is employed to provide optimum focusing to the beams. (2) The device is different from a Faraday cage analyzer. Its electron collector is at low voltage, which makes the measurement easier and more accurate than high-voltage measurement. (3) It has a compact structure. (4) Retarding voltage and focusing voltage can be automatically controlled with a fast high-resolution computer-controlled system, which permits the automatic acquisition and analysis of large amounts of data. In the following sections, we first discuss the design and simulation of the new energy analyzer. Then, we will present the beam results taken with this new system and compare the results with theoretical predictions.
II. DESIGN AND SIMULATION OF THE RETARDING ENERGY ANALYZER
Several generations of energy analyzers have been developed to measure the beam energy spread in a spacecharge-dominated beam at the University of Maryland. The simplest parallel-plate retarding energy analyzer was developed and tested in the past. 12 It consists of two parallel plates. The first plate is grounded and the second one is biased to a negative high voltage to retard the electron beams. Only those particles whose longitudinal kinetic energy is higher than the retarding potential can pass this second electrode and reach the collector forming a current sig-nal. Other electrons will be reflected. This structure has good resolution only for a beam with trajectories parallel to the axis of the energy analyzer. In reality, when electrons are emitted from the electron gun, the beam always has a finite divergence angle because of the initial emittance, spacecharge effects, misalignment, etc. This divergence diminishes the resolution. The resolution of this analyzer is more than 40 eV for a 5 keV beam, much worse than what the experiments required. An important modification to this structure, in which a cylindrical focusing electrode is mounted on the retarding grid to provide focusing and retarding for the electron beams, has significantly improved the energy resolution to about several eV for a 10 keV beam.
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This device has one shortcoming. The cylindrical electrode is electrically connected with the retarding electrode and it cannot provide proper focusing for the beams because two electrodes always stay at the same potential.
To further improve the energy analyzer resolution to less than 1 eV, we insulate the mesh electrically from the retarding/focusing cylinder and apply a controllable small voltage between the two. The associated electric field provides a stronger radial focusing of the beamlet (entering through a small aperture in the upstream plate as shown in Fig. 1) . Essentially, the fields between the main cylindrical lens and the injection plate, on the one hand, and that between the main cylinder and the mesh, on the other hand, form two semi-bipotential electrostatic lenses. The first decelerates and focuses the beamlet, while the second accelerates and focuses it. The addition of the second lens provides an extra handle, which, by varying the voltage, changes the slopes of the trajectories so that the beamlet envelope can be made to pass the lowest potential point before the mesh with no transverse velocity. Single particle simulations using SI-MION and beam envelope analysis inside the energy analyzer of this design were completed and compared with the last design, indicating that the resolution of the energy analyzer can be improved significantly to less than 0.2 eV for a 5 keV beam. Figure 1 shows the schematic of the energy analyzer. The electron beam comes from the left. The beam first sees a grounded steel plate with a 1 mm diameter circular aperture through which a small beamlet passes into the high potential region. The high-voltage steel cylinder with a length of 2.5 cm and an inner diameter of 2.5 cm is supported by two MACOR rings and is connected to the external high-voltage source to provide both deceleration and radial focusing of the beamlet. The retarding grid is a molybdenum wire mesh. The wire diameter is 0.05 mm and the mesh consists of 20ϫ 20 wires per square centimeter. The transmission rate of the grid, which is defined as the ratio of the open area of the hole to the total area of the surface containing the grid, is 80%. The mesh is soldered to a steel ring with a thickness of 2.5 mm, which is held in place by a MACOR ring with a thickness of 2 mm and connected to the external highvoltage source to provide a retarding and focusing voltage. Behind the high-voltage mesh is a copper collector plate, from which the current signal is picked up by a 50 ⍀ BNC connector. With a length of 4.8 cm and a diameter of 5.1 cm, this energy analyzer can be easily inserted at any place in the beam line. Figure 1(b) shows the electrical circuit of the analyzer. When the retarding voltage is at about the same potential as the beam energy, the kinetic energy of the electrons in the beam is too small (almost zero) to generate any secondary emission on the mesh. After electrons pass through the mesh, they will be accelerated to the collector forming a current signal. Possible secondary electrons from the collector will be suppressed by the reverse field on the collector surface. So the secondary electron effect is not a concern in the device.
A. Single particle simulation
A computer code called SIMION is used to simulate the performance of the energy analyzer. SIMION is a personal computer based single particle electrostatic code with the capability of handling the wire mesh. Figure 2 shows the electron trajectories and equipotential lines from a SIMION simulation for the previous design. Figure 3 shows the electron trajectories and equipotential lines from a SIMION simulation for the new design. In both cases, the beam is assumed to be monoenergetic, with kinetic energy of 10 keV and initial angular spread of 1°. The initial beam diameter is 1 mm, which is determined by the aperture size in the front plate. When the magnitude of the retarding voltage is above 10 kV, all particles are reflected for both designs. For the magni- tudes of the retarding potentials smaller than 10 kV, ideally, all particles should pass the mesh. However, due to the tilted beam trajectory, those particles with a smaller longitudinal momentum will be reflected back even though the total kinetic energy is 10 keV, larger than the retarding potential. The advantages of the independently controlled focusing potential can be seen by comparing Figs. 2 and 3. In both cases, the magnitude of the retarding voltage is 9999.5 V. From  Fig. 2 , we see that most particles are reflected back with the previous design, due to the beam divergence at the location close to the mesh. But for the new design, as shown in Fig. 3 , where the magnitude of the focusing voltage is 130 V higher than the retarding voltage, all particles can pass through the mesh, which indicates a better resolution than the previous one. In Fig. 4 , we compare the corresponding simulated performance between the previous design and the new one for a 10 keV beam with a 1°angular spread. The new design reduces the maximum error from 2 eV to 0.5 eV for a 10 keV monoenergetic beam with a uniform angular spread up to 1°o ff the longitudinal axis. It is very interesting to note that the resolution of the energy analyzer depends on the beam energy.
11 Table I shows the maximum errors of the new design for various differences between the focusing voltage and retarding voltage at 3 keV, 5 keV, and 10 keV beam energy.
B. Theoretical electric fields on paraxial conditions
Single particle simulation using SIMION is not enough to completely explain the beam behavior and the device resolution because it does not take into account the space-charge effects and the beam emittance effects. We may study these effects by solving the beam envelope equation inside the analyzer with the paraxial assumption.
In the assumptions of paraxial motion, the particle trajectories remain close to the axis, the slope of the particle trajectories remain small. The azimuthal velocity must remain very small compared to the axial velocity. With these approximations, only the first-order terms in the expansions of the fields need to be considered, and expanding all quantities in terms of their values on the axis of the system can linearize the equations of motion. In place of the electric potential, we use the "voltage equivalent of the kinetic energy" on the axis, denoted by V͑z͒, as is common in charged particle optics. With this notation, the spatial potential V͑z͒ always has the same value as the beam kinetic energy. V͑z͒ = 0 means the beam is fully stopped. The first order of radial and axial electric-field components with a radius r off axis can be expressed as [see Eq. 
To retard an electron beam with initial kinetic energy eV 0 , the retarding mesh is set on −V 0 and the focusing cylinder on −͑V 0 + ⌬V 0 ͒, both voltages referenced to the lab ground. Here, ⌬V 0 is a difference between the voltages on the focusing cylinder and the retarding mesh. If the potentials in the device are shifted up V 0 + ⌬V 0 compared with the actual potentials, we obtain new potential values on the electrodes which are shown in Fig. 5 (a). The system can be described by two electrostatic lenses. The first lens is defined by the grounding plate with potential V 0 + ⌬V 0 and the focusing cylinder with potential zero and provides deceleration and focusing of the beamlet. The second lens is defined by the focusing cylinder and the retarding mesh with potential ⌬V 0 and provides acceleration and focusing.
We may regard the first and the second lenses as halflenses of a bipotential lens, where the upstream and downstream parts are cut off by the injection plate and the retarding mesh, respectively, at the midplanes. Let us define the axial position of the midplane of the first lens by z 1 and that of the second lens by z 2 using two bipotential lenses. For a bipotential lens as shown in Fig. 5(b) , when two cylinders have the same radii ͑b 1 = b 2 = b͒ and are separated by an infinitesimally small gap ͑d → 0͒, the potential distribution on the axis can be approximated with a good degree of accuracy by [see Eq. 
From the conditions z = z 1 , V͑z 1 ͒ = V 0 + ⌬V 0 , and V͑z − z 1 → ϱ͒ =0 [our device length is twice the radius, so V͑z − z 1 =2b͒ is very close to 0], we find that V 1 =2͑V 0 + ⌬V 0 ͒ and V 2 = 0. So, the potential on the axis for the left lens can be expressed as
͑3͒
The second half-lens at the mesh has to be treated like the first one, except that now only the region z Ͻ z 2 is of practical interest. From the conditions z = z 2 , V͑z 2 ͒ = ⌬V 0 , and V͑z − z 2 → −ϱ͒ = 0, we get the potential on the axis for the second lens as
By superposition of the voltages from the two solutions, and shifting the total potentials ⌬V 0 down as shown in Fig.  5 (c), we find the desired V͑z͒ along the axis between
which is satisfied with V͑z = z 1 ͒ = V 0 and V͑z = z 2 ͒ =0. The potential distribution inside the energy analyzer also can be obtained using numerical solution. We used the software SOURCE to solve the potential distribution inside the energy analyzer. This code computes the potential distribution using the second-order finite element method. It is fast and the relative error can be as small as 10 −8 . The small gap effects between different electrodes are also considered in this numerical calculation. The potential V͑z͒ and the two first derivatives, VЈ͑z͒ and VЉ͑z͒ on the axis are shown in Figs. 6(a)-6(c) in the red solid lines. In this calculation, the beam energy is 5000 V, the focusing voltage is −5120 V, and the retarding voltage is −5000 V (both relative to the lab ground). In terms of the voltage equivalent of the beam energy (referenced to the cathode voltage), the potential at the entrance plate is 5000 V (the lab ground is at 5000 V) and the potentials on the retarding mesh and the focusing cylinder are 0 V and −120 V, respectively. According to Eq. (5), theoretical results of the potential V͑z͒ and the two first derivatives, VЈ͑z͒ and VЉ͑z͒ on the axis are shown in the same figure in the blue dotted lines. We find that the theoretical approximation agrees with the numerical results very well on the axis. The gap effect can be ignored on the axis in the calculation.
C. Aperture effect on the beam
When the beam comes from the left side, it first passes through the aperture, which was not considered when we calculated the electric field above. The aperture size is 1 mm in diameter, which is decided by our previous experimental experience. The small aperture size helps to reduce the space-charge effects and the emittance effect in the measure- ment. The relation of the beam emittance and the beam size is n ϰ 1/r and the perveance is K ϰ 1/r 2 . Thus, the ratio of the space-charge to the emittance effect decreases with beam size. However, if the aperture size is too small, the signal received by the collector will be too small to be distinguished from the noise. In our experiment, the signal noise level is about 1 mV. The signal we take must be bigger than 10 mV (about 0.2 mA beam current) to reduce the measurement error.
This aperture has a lens effect. It is shown that near the axis in the plane of a circular aperture, between two fields of E 1 and E 2 , there exists a lens whose focal power for particles of energy eV 0 is decided by [see Eq. 
A parallel electron beam, after passing through an aperture of radius r 0 and entering a retarding field, will have a divergence of
If we measure a beam with energy of 5 keV, we set the focusing voltage at −5120 V and retarding voltage at −5000 V. Inside the analyzer, the electric field E 2 near the aperture is ϳ−5.2ϫ 10 5 V / m from Fig. 6(b) , and the electric field E 1 outside the energy analyzer is almost zero. According to Eq. (6), 1/ f = −26 m −1 . The negative sign means a divergent effect. From Eq. (7), the divergence angle is about ϳ0.01 rad when the aperture size is 1 mm diameter for a parallel beam. This divergence angle will be used as initial beam slope in the following envelope calculation.
D. Beam envelope in the energy analyzer
In this section, we will study the beam dynamics using the paraxial envelope equation
In the equation, the second term contains the effect of the axial electric field (acceleration or deceleration), the third term represents that of the radial electric field (focusing or defocusing), the fourth term represents the self-field of the beam (K is the generalized perveance [see Eq. (4.23) in Ref.
13]), and the fifth term represents the defocusing force due to the emittance. Note that n is the normalized emittance, which is a constant during acceleration and related to the un-normalized emittance by n = ␤␥, where ␤ and ␥ are the relativisic velocity and energy factors. For the envelope equation to be valid, the kinetic energy of the beam in the longitudinal direction must always be at least approximately ten times larger than that in the transverse direction. During the calculation, we set the beam energy at 5000 eV [corresponding to the voltage equivalent V͑0͒ of 5000 V] and the voltage equivalent of the mesh at 100 V (the beam has kinetic energy of 100 eV at mesh). By doing this, the beam is not fully stopped at the mesh and we can make sure that ␤ r Ӷ ␤ z is always valid inside the device. The initial beam size and its derivative are r m ͑z =0͒ = 0.5 mm and r m Ј ͑z =0͒ = 0.01, respectively. The normalized emittance n is 7 m mrad and the beam current is 0.2 mA.
Let us first look at the effects of the axial electric field and the transverse focusing field [the second and third term in Eq. Fig. 7(a) for the axial field and Fig. 7(b) for the transverse focusing field. In the figure, the solid lines are for a relative focusing voltage ⌬V 0 of 0 V and the dashed line for ⌬V 0 of 120 V. VЈ͑z͒ /2V͑z͒ in Fig. 7(a) is negative, hence defocusing for a divergent beam, except for the 120 V case in the last 4 mm, where this term becomes positive. In this case, the lowest potential on the axis, which is located at 4 mm before the mesh, is about 7 V below the mesh potential. VЉ͑z͒ /4V͑z͒ in Fig. 7(b) and is always focusing over the entire distance along the axis. We can see that when the relative focusing voltage is a little higher, the device has a larger focusing strength at the position close to the mesh. As we will see later, this stronger focusing will help improve the device performance. Figure 8 plots the beam envelopes at different relative focusing voltages. The beam trjectories at the lowest potential position (we call it the retarding point in the following text) will determine the device performance. With a higher voltage difference ⌬V 0 , the retarding point is not always on the mesh, but maybe moved to somewhere before the mesh, as shown in Fig. 8 , where these retarding points are represented by small circles on the beam envelope curves. To optimize the device performance, we need to set the focusing strength such that the beam envelope has a zero slope at the retarding point. Let us look at the different beam envelopes in Fig. 8 . In the figure, as the relative focusing voltage ⌬V 0 increases from 0 V to 100 V, the beam size and the slope at the retarding point decreases. From 100 V to 160 V, the beam passes the retarding point almost perpendicularly (the slope of the beam envelope is almost zero). As the relative focusing voltage increases further to 200 V, the beam becomes overfocused, and the magnitude of the beam slope increases again. Since only the axial kinetic energy is effective to overcome the retarding potential, the coherent error of the beam energy caused by this slope inside the device can be calculated as
Here, E is the beam energy at the retarding point and is the beam slope at the same position. Using Eq. When the relative focusing voltage gets larger than 160 V, the energy spread error increases again due to the over focusing. This calculation shows the dependence of the energy spread error on the focusing cylinder voltage and demonstrates the advantages of using a variable focusing voltage in the device. In the experiment, we will vary the focusing voltage and find the optimum point empirically.
With the optimized focusing voltage, the contribution to the measured beam energy spread due to the coherent transverse motion is minimized. However, the energy spread associated with the random transverse motion due to the nonzero transverse beam emittance (inside the envelope, the particles still have random transverse motion) cannot be corrected with this focusing scheme. As a matter of fact, this is part of the longitudinal energy spread that we are interested in measuring.
III. BEAM TEST OF THE ANALYZER
The experimental setup, as shown in Fig. 10 , consists of a gridded thermionic electron gun, a solenoidal magnetic lens, and a diagnostic chamber. The electron gun is a variable-perveance thermionic gun, the design of which is described in Ref. 14. The energy analyzer is located in the diagnostic chamber after the solenoid. The distance to the solenoid and energy analyzer from the anode of the gun are 11 cm and 24 cm, respectively. The solenoidal magnetic field extends less than 10 cm from its center, so there is no magnetic field inside the energy analyzer and the electron gun. By varying the solenoid strength, the particle density at the aperture plate and, therefore, the total beam current entering the analyzer can be controlled. The energy analyzer can be moved across the beam by a linear feedthrough. A movable phosphor screen, down the beamline from the diagnostic chamber, is used to measure the beam position and envelope.
Another part of this setup is the automated measurement system including a high-voltage power supply, a Tektronix oscilloscope (TEK DSA 601A) and a computer. The power supply used to retard the beam is Bertan 205B, which has low noise and high resolution, with maximum output voltage of 10 kV. The output high voltage of the power supply can be controlled locally via a precision front panel or can be remotely programmed by a 16-bit digital signal. A battery provides the voltage on the focusing cylinder of the energy analyzer, which is in series with the high-voltage output from the power supply. The energy analyzer output current signal is sent to the oscilloscope directly.
To improve the experiment efficiency and resolution, we developed a computer-controlled automated system. The whole control program is written in C language for high efficiency and low-level controllability. The power supply is remotely controlled with a transistor-to-transistor (TTL)-compatible digital signal and the oscilloscope is through a general purpose interface bus interface. By automatically controlling the retarding voltage and the oscilloscope, this system can take the energy analyzer data with very fine steps. The smallest step to change the retarding voltage is 0.16 V on top of several kilovolts. A full set of data can be taken within several minutes, which is impossible with manual control as we did before. The data taken by the computer are then be processed by a MATLAB code, which can analyze the data and display detailed information about the beam energy spread within a couple of seconds. The data processing software can provide time-resolved root-meansquare (rms) energy spread, full width at half maximum (FWHM), peak, and mean energy along the beam pulse. The whole automated system decreases the time needed to conduct an experiment by more than a factor of 10 and, most importantly, the quality of data is much superior than if taken manually.
In the experiment, the nominal beam energy is 5 keV and the beam current is 135 mA with pulse width of 100 ns and rise time of 2 ns. Figure 11 is a typical output pulse signal from the energy analyzer. The signal amplitude is about 120 mV and noise is about ±1 mV. Noise effects can be reduced after averaging samples. From Fig. 11 , we can see that this energy analyzer has an excellent response to record the beam signal faithfully. During the experiment, the focusing voltage is fixed relative to the retarding voltage. The retarding voltage is changed by a step size of 0.5 V, which is adequate for the experiment. In order to reduce the longitudinal space-charge effect inside the device, we need to limit the signal magnitude at about 10 mV. 15 The spacecharge effect on the device performance will be discussed next. In Fig. 12 , different signal profiles corresponding to different retarding voltages are plotted together (in the experiment and in this figure, the value of the retarding voltage is referenced to the lab ground). In the figure, we can see that the collector signal decreases with the higher magnitude of retarding voltage. There are two things in the figure worth noting. First, we can see that the signal at the beam head is larger than the rest of the beam. This is either due to the high-energy particles in the head or the time-varying spacecharge effect in the device. Second, there are oscillations in the wave form that increase as the retarding voltage increases. For the time being, we do not know the exact cause of this oscillation and need to study it in more detail in the future. By differentiating the energy analyzer output with respect to the retarding voltage, we can get the beam energy profile for the whole beam. Figure 13 shows such an energy spectrum with rms energy spread of 2.2 eV, FWHM of 3.9 eV, mean energy of 5070.5 eV, and spectrum peak of 5069.7 eV. The sampling point is taken at the middle of the beam pulse. As we said, the energy spectrum is time resolved. Figure 14 shows the beam energy spread as a function of time along the beam pulse. The energy spread decreases from ϳ12 eV at the head to ϳ2.2 eV at the main beam, then goes up a little at the tail of the beam.
During the study of the retarding field energy analyzer, we found that longitudinal space-charge effects play a significant role in the performance of the device. Reference 15 gives a theoretical analysis of the longitudinal effect in the analyzer. According to the theory, if the current density inside the device is higher than a critical value, the longitudinal space-charge effect and the formation of a potential minimum similar to the virtual cathode formation in an electron gun will distort the measured energy spectrum. The measured mean energy will be shifted toward the low-energy side and therefore leave a tail at the high-energy side. The resulting rms energy spread and FWHM might also be affected. Figure 15 shows such an experimental observation, where the beam energy spectra are measured at two different injected currents inside the device, 0.2 mA and 2.2 mA, forming 10 mV and 110 mV output signals, respectively. The magnitude of the focusing voltage is 120 V larger than the retarding voltage in this experiment. The measured beam energy spreads are 2.2 eV and 3.2 eV for curves I and II, respectively. We can see that curve I almost has no highenergy tails and the measured spectrum is close to a Gaussian distribution. For a higher injected beam current, we can see that the energy spectrum is downshifted and the highenergy tail is visible. If we continue to reduce the injected current below 0.2 mA, the energy spectrum does not change compared to the curve I, which indicates that below 0.2 mA, the space-charge effect does not play a role. So in our experiment, we always try to set the injected current below 0.2 mA to avoid the longitudinal space-charge effect. The measured energy spread in curve I is closer to the real energy spread of the beam.
Variable focusing voltage has the advantage of getting the optimum focusing force to balance the beam expansion due to the space-charge force and other factors inside the energy analyzer. If the focusing force is too weak, it cannot compensate for the defocusing force, and the beam will expand too much, causing poor measurement resolution. However, if the focusing force is too strong, the beam will be overfocused and also cause poor resolution. The appropriate focusing voltage has to be found empirically. In our experiment, when the beam input current is fixed, the beam energy spread is measured at different relative focusing voltages. We found that the relative focusing voltage has a relatively wide operating region. Figure 16 shows the relation of rms energy spread versus relative focusing voltage of the energy analyzer for a 5 keV 135 mA beam. The measured rms energy spread stays at 2.2 eV when the relative focusing voltage is between 90 V to 150 V. We choose the relative focusing voltage at the middle point, 120 V. The required focusing voltage value from the experiment is larger by 55 V than that predicted by the SIMION simulation. This is not surprising because SIMION does not consider the space-charge effects. However, this experimental optimum point is in better agreement with the envelope analysis, as can be seen if one compares Figs. 9 and 16. In Fig. 9 , the theoretical analysis indicates that the analyzer has better resolution (less than 0.1 eV errors) with the relative focusing voltage, ranging from 100 V to 160 V. This result is reflected in Fig. 16 , which shows that, in the experiment, the device can resolve a smaller energy spread within the similar range of the relative focusing voltage. We think that the coherent motion due to the beam expansion is the main error source in the experiment if we use an improper focusing voltage. Of course, there exist other error sources. The first one is due to the device misalignment. But according to the SIMION simulation, when the incident angle of the particle is smaller than 1°, the rms error is only 0.05 eV (we listed the maximum error of 0.25 eV for a 5 keV beam in Table I ). In our experiment, the misalignment of the beam angle can be made smaller than 0.2 degree, which is good enough to be corrected by the focusing cylinder. Another possible error source is the fluctuations in the power supplies for the electron gun and the analyzer, which is about 0.1 V according to the manufacturer's specification. This error can be reduced to about 0.03 eV by taking average of 16 beam signals. These errors, along with others, such as those caused by the background noise, data processing, etc., account for less than 0.2 eV to the measurement. From the above analysis, when the proper focusing voltage is used, the resolution of this analyzer is less than 0.2 eV for a 5 keV beam, which is significantly better than that of any comparable devices.
It is very interesting to compare the measured beam energy spread with the theoretical predictions of the beam energy spread out of a thermionic electron gun. The theory used here was reviewed in Refs. 11 and 13. According to the theory, there are two main contributions to beam energy spread out of an electron gun. The first source is the longitudinal-longitudinal relaxation due to a nonadiabatic (fast) acceleration in a thermionic electron gun, which is a fast relaxation (relaxation time is around the plasma oscillation period). The second one is due to the energy transfer from the transverse direction into the longitudinal direction due to Coulomb collisions or other effects, which is a slow process that will become dominant after acceleration when the beam is drifting. In our example, the beam energy is 5 keV and the beam current is 135 mA. The initial beam size and its derivative are r i = 5 mm and r i Ј= 0.03, respectively.
The energy analyzer is located at 25 cm from the anode. The formula of calculating the beam energy spread due to these two sources is formulated in Ref. 11 and will not be repeated here. Using that formula, the theory predicts that the contribution from the longitudinal-longitudinal relaxation reaches a constant value of ϳ1.5 eV within a couple of plasma oscillation periods after the electron gun. On the other hand, the contribution from the Boersch effect increases with the distance until it reaches the equilibrium. After a long propagating distance, the contribution from the Boersch effect is much larger than that from the longitudinal-longitudinal effect and is the dominant source of the beam energy spread. At the location reported here, the energy spread due to the Boersch effect is ϳ1.3 eV, which is comparable with the longitudinal-longitudinal effect. Combining both effects, the total beam energy spread at this location is ϳ2.0 eV. We can see that the experimental value, which is about 2.2 eV, is very close to the intrinsic limit of the beam energy spread calculated from the theory. We also measured the beam energy spreads at beam energies of 3 keV and 4 keV. The corresponding beam current is 70 mA for 3 keV beam and 100 mA for 4 keV beam. A small injected beam current inside the device, 0.2 mA, is used in these experiments. The comparison of the experimental results and the theoretical values are listed in Table II . The optimum focusing voltages are also listed in Table II 
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